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INTRODUCTION
Leukocyte extravasation in response to both homeostatic and inflammatory cues is a multistep process involving rapid integrin-mediated arrest to the adluminal side of post-capillary venules, as a prerequisite for both transcellular and paracellular diapedesis across the vascular endothelium [1] [2] [3] . Capture of circulating leukocytes and subsequent rolling, primarily mediated by selectins 4 , precede and facilitate integrindependent firm adhesion, which is dynamically regulated by the interplay of chemokines and adhesion molecules. Circulating leukocytes maintain their integrins in a lowadhesive state that can undergo in situ upregulation by chemokine-bound Gα i proteincoupled receptors (GPCRs) via cytoplasmic changes ("inside-out" signaling) [5] [6] [7] .
Concurrently, binding of endothelial adhesion molecules stabilizes the active conformation of integrins by "outside-in" signaling, further contributing to the dynamics of leukocyte adhesion under flow 8, 9 . Adhesion strengthening at the adluminal side of the endothelium in post-capillary venules allows firmly adherent leukocytes to resist hemodynamic shear forces in the order of 0.1 to 1 pN/μm 2 10 .
Signaling cascades originating from chemokine-bound GPCRs orchestrate the complex dynamics of leukocyte adhesion, crawling and directed migration, that concur in promoting the extravasation of leukocytes 3, 7 . Several interdependent pathways invoked by chemokine receptor triggering have been shown to effect selected steps in this process. Intriguingly, recent evidence suggests that molecular scaffolds, either preexisting to chemokine stimulation or rapidly induced by GPCR engagement, are required to effect subsecond information transfer between the GPCR and the adhesion receptor 11 .
For personal use only. on September 14, 2017 . by guest www.bloodjournal.org From Among GPCR regulators, the ubiquitously expressed intracellular proteins β -arrestin 1 (β-arr 1) and β -arrestin 2 (β-arr 2) have been extensively characterized. β -arrestins were originally identified as mediators of agonist-activated GPCR desensitization, leading to the termination of G protein-dependent signals 12 . Recent evidence indicates that GPCR-associated β -arrestins may also initiate signal transduction pathways downstream of G protein activation, by scaffolding signaling intermediates into functional complexes 13 . Indeed, by acting as adaptors for a number of signaling molecules, including cytoskeletal regulators 14 , Src family kinases (SFKs) 15 , phosphatidylinositol 3-kinase (PI3K) 16 , Rho A 17 and mitogen-activated protein kinases In this study, we addressed the pathophysiological significance of 
MATERIALS AND METHODS

Reagents and antibodies
Reagents and antibodies used in this study are reported in the online were used in the study. All experiments were performed with the approval of the local animal protection legislation (Bezirksregierung Muenster).
Intravital microscopy
Surgical preparation of cremaster muscles and intravital microscopy were essentially done as described previously 24, 25 . Inflammatory stimulation was achieved by superfusion of the cremaster muscle with 6.25 nM KC. In each animal (n = 5 per group of mice), three to five single unbranched postcapillary venules were analyzed.
Leukocyte rolling, adhesion and emigration were assessed and quantified as described previously 24, 25 . Leukocyte responses were quantified at 30-min intervals for 60 min. 
Cell culture
Cell transfection
Both siRNA and plasmid transfection of RBL-2H3 cells was performed by electroporation using the Bio-Rad Gene-Pulser system. SiRNA-mediated silencing of differentiated 32D cells was performed by nucleoporation with the Amaxa Nucleofector 
Under flow adhesion assays to VCAM-1
Various concentrations of mouse VCAM-1/Fc were coimmobilized with either heat-inactivated or intact KC (2 μg/ml) on polystyrene plates as previously described 6 .
The polystyrene plates were each assembled on the lower wall of the flow chamber 
Confocal microscopy
The method for cell staining is described in the online Supplemental materials.
Intracellular calcium mobilization
RBL-2H3 transfectants were loaded with 5 μM Fura-2AM for 40 min at 37ºC.
Changes of calcium-bound Fura-2AM fluorescence in cells (1x10 6 /2 ml KRH) stimulated with 0.5 μg/ml KC were monitored at 37ºC in a LS 50B spectrofluorometer (PerkinElmer 
ERK/Akt activation assay
The method for assessing ERK/Akt activation is described in the online Supplemental materials.
Statistical analysis
Statistical significance was determined by unpaired two-tailed Student t test with unequal variance. P values less than 0.05 were considered statistically significant. 
Rap1 is essential for both KC-induced VLA-4 activation and the stabilization of integrin-dependent adhesion under flow
Rap1 is a Ras family member which exists in two ubiquitously expressed isoforms, Rap1A and Rap1B, sharing 95% amino acid identity but being encoded by separate genes 39 . To independently assess the functional role of the two Rap1 isoforms in VLA-4-mediated leukocyte adesion, we examined the consequence of their selective downregulation both on rapid onset adhesion ( Figure 5B ) and on adhesion stabilization ( Figure 5C ) under shear flow in KC-stimulated cells. Endogenous expression of Rap1A and Rap1B was downregulated by RNAi, which effectively reduced Rap1 levels ( Figure   5A ). Down-regulation of either Rap1A or Rap1B significantly impaired the ability of CXCR2 + RBL-2H3 cells to arrest onto a medium VCAM-1 concentration ( Figure 5B ).
Likewise, we observed a marked suppression of resistance to shear-induced detachment from medium VCAM-1 concentration following depletion of each Rap1
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From isoform ( Figure 5C ). Both rapid onset adhesion and resistance to detachment were more significantly impaired by the combined depletion of both Rap1 isoforms ( Figure 5B and C), suggesting that they act cooperatively to control multiple steps in chemokineinduced integrin activation. . However, another study showed increased CXCR2-mediated recruitment Existing evidence indicates that Rap1 leads to an increase of integrin function either by inducing a conformational change or by promoting clustering of integrins, two nonexclusive modes of integrin activation 37, 44 . Importantly, the effect of Rap1 on integrin function occurs with both β 1 and β 2 integrins 36, 45 . Prior studies have demonstrated that a major pathway leading to chemokine-induced activation of Rap1 involves phospholipase C-γ (PLC-γ) 46 and the Rap1 specific GEF CalDAG-GEFI, directly downstream of Gα i
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From protein activation 47 . Consistent with these findings, a deficiency of CalDAG-GEFI leads to defective chemokine-induced adhesion of lymphocytes and neutrophils to both β 1 and β 2 integrin ligands 28, 47 . In our study we show additive effects of sub-µM concentration of the specific PLC inhibitor U-73122 and β -arr 2 depletion on CXCR2-induced Rap1 activation. Since in this work we demonstrate that the two ubiquitous isoforms of Rap1, Rap1A and B, are essential for both rapid onset and prolonged, shear-resistant VLA-4-mediated adhesion in KC-stimulated myeloid cells, we postulate that a β -arr 2-dependent pathway may cooperate with, and act sequentially to G protein-associated signaling pathways in inducing sustained Rap1 activation, possibly leading to integrindependent adhesion strengthening ( Figure 7) . In apparent contrast, a recent report has shown that LFA-1 but not VLA-4-dependent adhesion requires CXCL12-induced Rap1 activity in T lymphocytes 48 . In view of our findings, we suggest that the involvement of Rap1, as well as additional pathways controlling chemokine-triggered integrin regulation, may vary to a large extent depending on the cell lineage (e.g. lymphoid versus myeloid) and the chemokine involved. Our findings also rule out that the activation of Rap1 by CXCR2 is downstream of ERK or PI3K, as specific and highly effective inhibitors of the above pathways do not impair the activation of Rap1 by KC stimulation in RBL-2H3 cells.
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